Kinetics of reversible oxygenation and carbon monoxide complex formation of the simple heme compounds pyrroheme-N-13-(1-imidazolyl)propyllamide and pyrroheme4-(3-pyridyl)propyl ester have been measured in different solvent environments. The oxygen on and off rates and equilibria of these compounds can be made to closely match those of myoglobin, of hemoglobin a chains, or of the various steps for hemoglobin by varying solvent environment or the basicity of the proximal base. These results suggest that the protein could alter oxygen on rates by varying the basicity of the proximal base and the off rates by changing the polarity of the distal environment.
The ability of the single compound protoheme to either reversibly bind oxygen (la), catalyze oxidation of organic substrates (2a), decompose hydrogen peroxide (3b, 4) or transport electrons (2b), depending upon its environment, is remarkable (3b). Even among the first class of compounds, the oxygen carriers, there are large variations in the kinetics and equihemoglobin oxygenation varies over about 5-fold (lc). On the other hand, carbon monoxide affinity varies very little (ld).
The effects suggested to contribute to these changes are listed on Fig. 1 and enumerated below.
1. Strain: Because the proximal imidazole is invariant in oxygen carriers and because it seems to change position upon oxygenation, the changes in oxygen affinity as hemoglobin is oxygenated have been attributed to movement of this imidazole toward or away from the heme plane (le, 5).
2. Proximal imidazole basicity: It has also been suggested that the hydrogen bonding of the proximal imidazole proton to a neighboring peptide increases the basicity of this imidazole, thus increasing the oxygen affinity (6a, 7).
3. Hydrophobic pocket: The hydrocarbon-like residues pointing into the distal side of the heme pocket provide a "hydrophobic pocket" which is thought to both prevent oxidation and favor oxygenation (8, 9 The dominant theme in these discussions is that the magnitudes of equilibria are determined by specific steric interactions which vary the strain engendered by converting a five-coordinate iron to a six-coordinate iron (5) . However, the almost invariant carbon monoxide affinity in these heme proteins (lb) seems to argue against purely stereochemical effects and to suggest that a variable polarity effect in the distal pocket (12, 13) might be important. The increasing oxygen affinity of an isolated heme compound with increasing polarity of solvent also suggests a polarity effect (13, 14) .
The uncertainty in these suggestions could be reduced greatly by a detailed kinetic study of oxygenation of an isolated heme protein active site in different environments. We have made two discoveries which now make such kinetic studies possible. First, by attaching 3-aminopropyl-1-imidazole to pyrroheme (15, 16) , we produced a single compound which not only shows the same spectra as deuteromyoglobin in its oxy, deoxy, carbon monoxy, and hemin forms (15, 16) , but more importantly, behaves kinetically (kinetic order, etc.) like heme proteins such as myoglobin. Secondly, we found that small amounts of carbon monoxide stabilize simple hemes toward oxidation much more effectively than had been thought (6b), thus making kinetic studies of oxygenation of isolated heme compounds almost as routine as those on heme proteins (17) .
We report here the kinetics of the reversible reaction of two heme compounds shown below with carbon monoxide and with oxygen in several solvent systems. (15) and pyrroheme-N-13-(3-pyridyl)propyl]ester (2) (13) were prepared by the acid chloride method previously described (15) . Solutions, approximately 6 ml of 2 AM, were prepared in purified solvents or solvent mixtures (by weight), in a 1 cm X 1 cm cuvette which was attached through 20 cm of 1 cm tubing to a sidearm and a vacuum T stopcock. This tonometer was equipped with a silicon rubber septum through which gases could be quantitatively admitted. Total tonometer volume was 100 ml. After the solutions were degassed by freeze-thaw techniques, they were reduced in a flask attached to the sidearm. Aqueous solutions were reduced by careful titration with aqueous sodium dithionite, using the Soret band to monitor reduction. Solutions in organic solvents were reduced with palladium under hydrogen gas (18) . After reduction, the solutions were decanted into the cuvette under argon and the sidearm flask was replaced with a bulb of known volume. The apparatus was then evacuated and placed in the photoflash apparatus and flashed with an approximately 40 joule light of 100 jssec duration and 40 psec decay time. There was no change in absorption at 407 nm. Aliquots of carbon monoxide and then oxygen were added with gas-tight syringes and the solution was shaken vigorously to equilibrate the gases with the solutions. The solutions were flashed between each aliquot. Cleanly first-order decays were obtained in each case, exactly like those obtained with myoglobin on the same apparatus. Decay constants were calculated from photographs of the oscilloscope traces of transmission at 407 nm versus time. Alternatively the transmission output voltage was electronically processed through a log amplifier and the resulting absorbance was passed through a second log amplifier to give a linear trace whose slope is the decay constant. Rate constants obtained after successive gas addition agreed to +5%. The flash photolysis apparatus, constructed from a Zeiss PMQ-II spectrometer, a Braun F022 flashgun, and a Tektronix 564B Oscilloscope, will be described elsewhere.
In some cases oxygen off rates were obtained by stoppedflow technique using the oxygen pulse method of Gibson (19) , and carbon monoxide on rates were also determined by the usual rapid mixing techniques. The results are in agreement with those reported here.
RESULTS
The reactions under investigation are:
it Heme + CO = Heme-CO hiv Heme + 02 = Heme-02
Heme-02--Heme-CO [3] where the heme is either 1 or 2. With carbon monoxide present I' is measured directly as a first-order decay, l'(CO) = Ptobs, which includes concentration of CO (Fig. 2a) . However, when oxygen is added two decays are observed (Fig. 2b) (15, 16) . However, addition of imidazole retards both 1' and k', the effect increasing with increasing base concentration. But, especially for 1, both 1' and k' are rather insensitive to solvent and the more basic solvents dimethylformamide and H20 do not retard 1' or k'. Thus, there does not seem to be a kinetically significant specific iron solvation of the heme in these solutions.
The possibility that the hemes 1 and 2 are reacting with carbon monoxide and with oxygen as four-liganded hemes can be excluded by the observations that the on rates are different for 1 and 2. We, therefore, conclude that both hemes are reacting in the configuration shown in the drawing of 1 and 2.
The first important finding is that oxygenation of both 1 and 2 is enhanced by polar solvents, whereas carbon monoxide equilibria are rather insensitive to solvent polarity (22, 23; C. K. Chang, unpublished results). This agrees with solvent effects on oxygenation equilibria previously determined by titration with oxygen (13) . The fact that these solvent changes have their predominant effect upon dissociation rates is strong confirmation of the ability of polar solvents to stabilize the FeOO bond. This and the proximal base effect (22) have been interpreted as evidence for highly dipolar character of this bound (13) 
The effect of increasing the basicity of the fifth ligand upon oxygen binding, which was previously determined by titration (22) , is corroborated by the kinetic data. However, it appears that the "proximal basicity" affects both the oxygen on and off rates with, in some cases, the effect being mainly on the on rates, k'. This introduces the possibility of controlling on and off rates separately to obtain any desired oxygenation equilibrium.
Effect of protein pocket on oxygenation
The idea that the "hydrophobic pocket" affords oxyheme some special stability towards not only oxidation but dissociation has been repeatedly expressed (8, 9 (Table 2) , they have similar carbon monoxide kinetics and equilibria (25) . We suggest that conformational and other changes could alter the relative positions and directions of these two dipoles, both of which are in a nonpolar environment, and this change would greatly affect k and thus the oxygenation equilibria.
Hemoglobin oxygenation
The four steps in the oxygenation of hemoglobin show large differences in both on and off rates (26, 27) . We show in 1' substantially, some other factor seems to be responsible for the slow reaction of some heme proteins with carbon monoxide. Steric interference (le) could account for the reduced rate, but such interference should also destabilize the carbon monoxide complex, which it apparently does not do. An alternative possibility relates to the geometry and spin state of the heme (29, 30). Because the singlet CO molecule must combine with a high spin -Fe(II) to pair these spins giving a singlet product, the necessity for spin inversion could retard the rate of reaction. But triplet oxygen, by spin interaction at the transition state, might not be retarded by slow spin inversion to the same extent. Perhaps triplet oxygen can induce the S=0 state of iron even before the heme becomes planar. This effect could explain the faster on rates of both oxygen and nitric oxide compared to carbon monoxide and the differences between the isolated sites and heme proteins. Indeed, activation volumes indicate that the transition states for the interaction of these two ligands with myoglobin are quite different (28) . But the evidence for such a spin effect on rates is not very compelling and the reasons for the differences in on rates for these rather similar molecules remains obscure.
Conclusions
The kinetics and equilibria of oxygenation steps of oxygencarrying heme proteins can be approximately duplicated by a synthetic "myoglobin active site" in which proximal basicity and solvent environment are varied. We conclude from these results that the protein serves more to protect the hemes from oxidation than to bring about binding of oxygen. Variations in oxygen affinities among heme proteins are interpreted as resulting more from polarity of the heme environment than from stereochemical factors.
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